Chinese fir (Cunninghamia lanceolata (Lamb.) Hook) is an excellent fast-growing timber species and has significant value in the forestry industry. In order to increase the nitrogen and phosphorus absorption and utilization in Chinese fir, shared differentially expressed genes under low nitrogen and phosphorus stress were screened in this study.
INTRODUCTION
single nutritive elements in plants. However, studies have also shown that there are interactions between nitrogen and phosphorus absorption and utilization pathways (Ierna et al. 2012; Schlüter et al. 2013) . Plants need substantial nitrogen and phosphorus to fulfill their biosynthetic and metabolic processes (Ågren et al. 2012; Rivas-Ubach et al. 2012 ), many of which need both nitrogen and phosphorous, indicating that some genes are involved in both nitrogen and phosphorus metabolism. Selecting genes that are involved in both nitrogen and phosphorous metabolism is the first step towards unraveling these mechanisms. Subsequently, these selected genes can potentially be used to improve both nitrogen and phosphorus absorption efficiency and utilization efficiency. In this study, we used next generation sequencing technology (RNA-seq) to sequence and compare the transcriptomes of Chinese fir under a control check condition, low nitrogen stress condition, and low phosphorus stress condition. Genes that were differentially expressed in the root tissues under both LN and LP stress conditions were selected. This study will inform the breeding of Chinese firs with high nitrogen and phosphorus efficiency.
MATERIALS AND METHODS
In October 2013, stem cuttings of 1 highly adaptive Chinese fir clone, named X6, was collected from a garden in the Kaihua Woodland in Zhejiang province and propagated in the Germplasm Center of the Zhejiang Agriculture and Forestry University. In the spring of 2014, disease-free seedlings with complete root systems that appeared to be similar in structure and displayed uniform growth were selected as basic experimental materials.
An aeroponic system was designed for our research, and the nutrition solutions are shown in Table 1 . Hoagland's solution was used for the major elements except for nitrogen and phosphorus, while Amon's solution was used for trace elements. According to the concentration of nitrogen and phosphorus, the test set a total of 3 treatments, namely, low nitrogen (LN), low phosphorus (LP) and a control check (with nitrogen and phosphorus sufficient, CK). HCl and NaOH were used to adjust the pH value of the nutrient solutions to 5.8; KNO 3 and Ca(NO 3 ) 2 were used as nitrogen sources; KH 2 PO 4 was used as a phosphorus source; and HCl and CaCl 2 were used to maintain a stable ion concentration when the ion concentration changed due to changes in NO 3 − or (PO 4 ) 3− . Each group contained 5 plants, and each experiment was triplicated.
The selected root cuttings from the 4 clones were planted in an aeroponic culture apparatus, of which the root chamber volume is 50cm ×50cm×50cm, and the space of seedlings is 10 cm × 10 cm each ( Figure 1 ).
After 4 months of treatment, the roots from the LN, LP and CK groups were collected and snap frozen in liquid nitrogen, and then stored at −80°C after being kept in liquid nitrogen for 3
hours. CTAB+Trizol reagent (Invitrogen, CA, USA) was used to extract RNA. Transcriptome sequencing was done by LC Sciences (USA) using an Illumina platform.
The unigene obtained by splicing was compared with the protein sequences in 5 open databases (NR, Swiss-Prot, KEGG, KOG and Pfam) and evaluated using a BLAST (Blast Local Alignment Search Tool) algorithm. The threshold was set as evalue ≤ 1e −10 to obtain similar sequences, and then the functions were annotated.
In this study, the results of the 3 transcriptions were divided into 2 groups: one for the lownitrogen group (LN treatment and CK), and the other for the low-phosphorus group (LP treatment and CK). RPKM (reads per kilobase of exon model per million mapped reads) was used to measure the abundance of gene expression (Mortazavi et al. 2008) ; the expression of unigenes in each group was calculated by the log2fold_change (logarithm of the expression ratio of LN or LP to CK using base 2), and the absolute value of log2fold_change≥1 and false discovery rate (FDR) <0.001 were considered the thresholds for significantly differentially expressed genes (SDEG) between the treatment and the CK in the 2 groups (Jiang et al. 2012) .
Transcriptome sequencing (mRNA-seq)
After combining equal amounts of RNA from the 3 samples, the sequencing was performed on an Illumina HiSeq 2000/2500 platform. After removing the adapters, low-quality reads and reads in which the N-containing ratio exceeding 5%, a total of 5. (Table 2) . These high quality reads were assembled using the Trinity package, and a total of 33,712,721 bases from 33,070 unigenes were obtained, with an average assembly length of 1,019 bp, an N50 value of 1,762 nt and 54,188 transcripts in total (Table 3 ). The assembled unigenes had a wide length distribution, approximately 44.81% (14, 818) of the unigenes were between 200 and 500 bp, and 14.54% (4,802) of the unigenes were more than 2,000 bp. We detected 54,188 transcripts from the obtained unigenes, with a total length of 60,691,480 bp, ranging from 201 to 12,214 bp. The average length of all obtained transcripts was 1,120 bp with an N50 value of 1,809 bp. Approximately 58.87% (31,889) of the total transcripts were between 200 and 1,000 bp, and 16.52% (8,954) of the total transcripts were more than 2,000
bp. According to the length distribution of the unigenes and transcripts obtained, the number of unigenes and transcripts decreased as the length of unigenes and transcripts increased between 200 and 1,900 bp (Figure 2 and 3 ).
Unigene function annotation
To predict the putative functions of the assembled unigenes, all unigenes were compared with 3 public protein databases, namely NCBI non-redundant protein (NR), Swiss-Prot and Pfam 
Gene ontology analysis
To functionally categorize the unigenes obtained, Gene Ontology analysis was conducted.
We assigned 11,772 unigenes to GO classes with 60,288 terms. The assigned terms were summarized into 3 main GO categories (biological process, molecular function and cellular component) and 4,591 sub-categories. Molecular function comprised 23,659 (39.24%) GO annotations followed by biological process (19,664, 32.62%) and cellular component (16,965, 28.14%) . The information of the top 10 sub-categories from each category are shown in Figure 5 .
In the molecular function category, 10,608 unigenes were assigned to 1,669 sub-categories, with ATP binding (2,889) representing the most. In the biological process category, 8,348 unigenes were assigned to 2,349 sub-categories, with transcription and DNA-dependent (686) representing the most. In the cellular component category, 9,750 unigenes were assigned to 573 sub-categories with integral to membrane (2,852) representing the most. In the molecular function category, 10,608 unigenes were assigned to 1,669 sub-categories, with ATP binding (2,889) representing the most.
To further predict gene function and evaluate the completeness of the transcriptome library, all assembled unigenes were searched against the euKaryotic Ortholog Groups (KOG) database.
Overall, 16,497 unigenes (49.83%) were assigned with KOG classification (Table 4) 
KEGG pathway mapping
To understand the biological pathways in which the assembled unigenes are involved, the unigenes were compared against the KEGG database. The results showed that 9,424 unigenes (28.50%) had significant matches and were assigned with KEGG annotations. At the top level, the unigenes were divided into 5 categories, with metabolism (5,782) represented the largest category, followed by Genetic Information Processing (1,287), environmental information processing (807), cellular processes (1464) 
Identification of differentially expressed genes
When comparing the LN stress group with the CK group, 977 SDGEs were detected, 264 of which had KEGG annotations; 931 SDGEs were detected when comparing the LP stress group with the CK group, of which 189 had KEGG annotations; 297 SDGEs were detected in both the LN stress and LP stress groups, 78 of which had KEGG annotations representing 98 metabolic pathways. Apart from the SDGEs that were detected in both the LN stress and LP stress groups, 680 and 634 SDGEs were specifically detected in the LN stress and LP stress group, with 174 and 130 KEGG annotations representing 160 and 138 metabolic pathways, respectively.
SGEGs that were specifically detected in the LN stress group could be classified into different metabolism pathways, including the phenylpropanoid biosynthesis pathway with 22
SDEGs; phenylalanine metabolism pathway with 17 SDEGs; starch and sucrose metabolism pathway with 15 SDEGs; methane metabolism pathway with 14 SDEGs; and cysteine and methionine metabolism pathway with 12 SDEGs (Figure 8 ).
SGEGs that were specifically detected in the LP stress group could be classified into different metabolism pathways, including the starch and sucrose metabolism pathway with 17
SDEGs; phenylpropanoid biosynthesis pathway with 14 SDEGs; phenylalanine metabolism pathway with 12 SDEGs; methane metabolism pathway with 8 SDEGs and nitrogen metabolism pathway with 8 SDEGs (Figure 9 ). 
Identification of shared differentially expressed genes
To better identify key genes that function under both LN and LP stress, we further analyzed the abovementioned shared SDEGs. Twenty-one SDEGs were further selected based on the metabolic pathways that nitrogen and phosphorus are involved in.
Photosynthesis, starch and sucrose metabolism, and glycolysis/ gluconeogenesis are major metabolic pathways in which nitrogen and phosphorus are involved. Two of the detected genes were involved in photosynthesis, including PNR and PSBA; 5 genes were involved in starch and sucrose metabolism, inducing EGLC, GLC, END, BGLU and AMY; and only 1 detected gene was involved in glycolysis/gluconeogenesis, namely A1E.
Nitrogen metabolism is an important biological pathway in which nitrogen is involved. In this pathway, 4 genes were detected, including PAL, GOGAT, NIR1 and NIR2.
Phosphorus plays important roles in phenylpropanoid biosynthesis, phenylalanine metabolism and methane metabolism. Moreover, there are also interactions between these 3 pathways. Seven detected genes were related with phenylpropanoid biosynthesis, including C4M,
PAL, PRDX6, POX, CCR, CCoAOMT and BGLU. Meanwhile, C4M, PAL, PRDX6 and
CCoAOMT were involved in phenylalanine metabolism; PRDX6 and POX were involved in methane metabolism; and PAL and BGLU were also involved in nitrogen and starch metabolism.
Flavonoids are important secondary metabolites in plants and enhance the adaptation capacity of plants to complex changing environments. In our study, 5 genes were detected in relation to flavonoid biosynthesis, including C4M, FLS, CHS, CCoAOMT and ANR. The C4M gene was also involved in phenylpropanoid and phenylalanine metabolism.
DISCUSSION
Chinese fir is an important timber wood experiencing rapid increasing demand, and therefore fast growing trees are needed to meet the production requirements of Chinese fir. Nitrogen and phosphate fertilizer is generally applied to satisfy the growth demands of Chinese fir. Nitrogen and phosphorus metabolism constitute one of the basic physiological processes of plants.
Previous research on Chinese fir has focused mostly on the screening of nitrogen or phosphorus efficient genotypes, while few have reported on the genes related to nitrogen and phosphorus metabolism.
In this study, the transcriptome of the root systems of Chinese fir seedlings were studied under LN stress, LP stress and CK, respectively, using the Illumina platform. Seventy-eight SDEGs that were differentially expressed under both LN and LP stress were obtained, and twenty-one shared differentially expressed genes were obtained. These genes can potentially be used in breeding to improve both nitrogen and phosphorus utilization efficiency in Chinese fir.
Among the selected SDEGs, PNR and PSBA were identified as important genes involved in photosynthesis. Photosynthesis is an important source of energy for many organisms. Under most abiotic stress conditions, plant growth is inhibited and biomass production experiences a reduced demand for photosynthetic products. Consequently, carbohydrate accumulation leads to the feedback inhibition of photosynthetic gene expression (Paul & Pellny 2003) . In our study, both PNR and PSBA were downregulated and fell into this expression pattern (Table 5 and substrates derived from photosynthesis. Therefore, the expression of genes involved in starch and sucrose metabolism might be limited by the speed of photosynthesis, and a reduced photosynthetic rate may lead to the downregulation of these genes (Zhang et al. 2014 ). However, we also found that SDEGs encoding END and BGLU were upregulated under LN and LP stress.
This needs further investigation. There are large overlaps between phenylpropanoid biosynthesis, phenylalanine metabolism, flavonoid biosynthesis and methane metabolism pathways. Many enzymes are involved in more than 2 of abovementioned pathways, rendering all the pathways closely connected. In this study, PAL was detected as a SDEG and downregulated under LN and LP stress. Moreover, PLA was also involved in phenylpropanoid biosynthesis and phenylalanine metabolism pathways. PAL (EC:4.3.1.24) is a key regulating enzyme in phenylpropanoid biosynthesis, which converts phenylalanine into cinnamic acid (Vogt 2010 
